Abstract The sorption of Cr(VI) and As(V) from the aqueous solutions with the polyacrylate anion exchangers of the strong base functional groups Amberlite IRA 458 and Amberlite IRA 958 was studied. The studies were carried out by the static-batch method. The concentration of Cr(VI) and As(V) ions in the aqueous solution was determined by the UV-VIS spectrophotometer. The influence of several parameters was studied with respect to sorption equilibrium. The phase contact time and the concentration affect the sorption process. The equilibrium state was established already after 15 min of phase contact time. Maximum uptake of Cr(VI) and As(V) occurred at pH 5 and 10, respectively. The determined kinetic parameters imply that the sorption process proceeds according to the equation type of pseudo second-order. Sorption equilibrium data were correlated with the Langmuir and Freundlich isotherms. Removal of As(V) ions on macroporous Amberlite IRA 900 decreased about 12 % in presence of other anions (Cl -, NO 3 -, SO 4 2-) in the solution. The sorption was temperature dependent.
Introduction
Chromium is a naturally occurring element found in soil and groundwater in several different forms. It occurs in the (VI) and (III) oxidation states (Banfalvi 2011) . The use of chromium chemicals in several industrial processes (leather tanning, mining of chrome ore, production of steel and alloys, dyes and pigment manufacturing, glass industry, wood preservation, textile industry, film and photography, metal cleaning, plating and electroplating, etc.) leads to contamination of natural waters mainly due to improper disposal methods (Sarin et al. 2006) . While Cr(III) is generally non-toxic and is believed to be essential in glucose metabolism in mammals (Rengaraj et al. 2001) , Cr(VI) is toxic to animal and plant cells. Furthermore, it is dangerous for human beings due to its mutagenic and carcinogenic properties (Arslan and Pehlivan 2007) . Since the compounds of chromium are known to be harmful to human health, the maximum level permitted in wastewater is 5 ppm for trivalent chromium and 0.05 ppm for hexavalent chromium (Namasivayam and Senthilkumar 1999) . Arsenic compounds are rather widely distributed in nature and they can be often found in groundwater and drinking water, mainly due to erosion and weathering of As-containing soils and minerals, as well as from industrial effluents and via atmospheric deposition (burning of fossil fuels) (Bortun et al. 2010) . Water contaminated by arsenic may cause numerous diseases of the skin and internal organs (Shevade and Ford 2004; Mohan and Pittman 2007 ). An inorganic form of arsenic is highly toxic compared to organic arsenic. Inorganic arsenate (AsO 4 3-) and arsenite (AsO 3 3-), referred to As(V) and As(III) are most common in natural waters. Although As(V) tends to be less toxic compared to that of As(III), it is thermodynamically more stable due to which it predominates under normal conditions and becomes the cause of significant contamination in ground water (Elizalde-Gonzalez et al. 2001; DeMarco et al. 2003) . According to WHO the acceptable arsenic content in drinking water does not exceed 0.01 g/m 3 (Dziubek 2006) .
There are many different ways of purifying wastewater. Among the various treatment techniques available, the most commonly used ones are: ion exchange, adsorption, reduction and precipitation. A combination of two or more of these processes in many cases is the environmentally most compatible but cost effective solution. Ion exchange is a well-established environmentally friendly technology with metals recovery opportunities. The main advantages of ion exchange are recovery of metal value, selectivity and less sludge volume produced. Ion exchange uses synthetic resins, which are made of a polymeric structure and design for selectivity of various metals with various basic or chelating functional groups (He et al. 2000; Tenorio and Espinosa 2001; Janin et al. 2009 ).
The purpose of this work is to investigate some aspects of the use of strong basic, polyacrylate anion exchangers with the gel structure Amberlite IRA 458 and with the macroporous structure Amberlite IRA 958. The parameters that influence the sorption process: initial Cr(VI), As(V) concentrations (0.025-0.01 mol/L), pH, contact time (1-180 min) and interfering ions (Cl -, NO 3 -, SO 4 2-) were investigated. In addition, the obtained results were compared with those for the strongly basic polystyrene anion exchangers Amberlite IRA 402 and Amberlite IRA 900.
Materials and methods

Resins
The anion exchangers Amberlite IRA 458, and Amberlite IRA 958 produced by Rohm and Haas were used in the investigation. Amberlite IRA 458 is an acrylic gel type strongly basic anion exchange resin. It combines high operating capacity with low silica leakage values. It is recommended as the working anion exchange resin, for demineralisation of water, when low caustic regenerant consumption and good resistance to organic fouling are primarily required. Its total ion exchange capacity is 1.3 eq/L, the particle size 0.600-0.900 mm and the thermal stability to 333 K.
The resin Amberlite IRA 958 is a polyacrylate, strongly basic, macroporous anion exchanger of type 1. It is used for the removal of organic compounds. Its total ion exchange capacity is 0.8 eq/L, the particle size 0.675-0.875 mm and the thermal stability to 353 K.
For comparison the polystyrene anion exchangers Amberlite IRA 402, and Amberlite IRA 900 (Rohm and Haas) were also applied.
Amberlite IRA 402 resin is a type 1 strongly basic, clear gel, anion exchange resin. It has a crosslinked polystyrene structure that is designed to give an optimum balance of capacity and regeneration efficiency in water treatment applications. Its total ion exchange capacity is 1.3 eq/L, the particle size 0.600-0.750 mm, the thermal stability to 333 K.
Amberlite IRA 900 is a macroporous polystyrene type 1 strong base anion exchange resin containing quaternary ammonium groups. This allows complete removal of all anions, including weakly dissociated ions. Its total ion exchange capacity is 1.0 eq/L, the particle size 0.650-0.820 mm, the thermal stability to 353 K (The Rohm and Haas 2003) .
The specific BET surface area and average pore diameter of the studied ion exchangers were measured using ASAP 2405 (Micromeritics Instrument Co., Norcross, USA 
Chemicals
Cr(VI) and As(V) stock solutions were obtained by dissolving appropriate amounts of potassium salt of dichromate (K 2 Cr 2 O 7 ) and disodium salt of hydrogenarsenate (Na 2 HAsO 4 ) salts in distilled water. They were diluted to get the solutions of various concentrations.
The initial pH values of the solutions were in the range 4.0-5.5 for Cr(VI) and 6.5-7 for As(V). All chemicals used were of analytical reagent grade (POCh S.A. Gliwice, Poland).
Theory and calculation
A series of standard Cr(VI) solution was prepared by appropriate dilution of the stock solution. For Cr(VI) and As(V) ion sorption studies, 0.2 g of anion exchanger was added into 100 mL flasks and mixed in 20 mL solution of Cr(VI) and As(V) at a constant speed 170 rpm using a mechanical shaker Elpin Plus 357 at 25°C. After filtration, the concentration of Cr(VI) in the filtrate was analyzed spectrophotometrically. The total absorbed Cr(VI) was calculated by taking the difference of the initial concentration and the total Cr(VI) concentration in the filtrate. These concentrations were determined colorimetric at 546 nm by the UV-VIS spectrophotometer (Specord M42 produced by Carl Zeiss-Jena) using 1,5-diphenylcarbazide as a complexing agent. Diphenylcarbazide reacts with Cr(VI) in the acid medium as shown below (Pflaum and Howick 1956 ):
Where H 4 L is 1,5-diphenylcarbazide. Besides the above mentioned method of Cr(VI) determination, the United States Environmental Protection Agency (USEPA) also admits the three methods: co-precipitation, chelation/extraction and differential pulse polarography (Pehlivan and Cetin 2009) . For the determination of the total chromium content after complete conversion of trivalent chromium to hexavalent chromium, the comparative study of the three analytical techniques, namely ICP-AES, FAAS and UV-VIS spectrophotometer, is proposed (Balasubramanian and Pugalenthi 1999) .
As(V) is determined from the reaction with ammonium molybdate in the presence of ascorbic acid. The concentrations of As(V) were determined spectrophotometrically at 870 nm by the UV-VIS spectrophotometer (Marczenko and Balcerzak 1998) .
The sorption of Cr(VI) and As(V) ions on the above mentioned ion exchangers was investigated by batch operation as a function of initial concentration of metal ions, pH of the solution, contact time, temperature and interfering ions. The experiments were performed to determine the concentration of analyzed metals at the equilibrium (q e ), at the specific time (q t ). The resin phase concentrations of Cr(VI) and As(V) at the equilibrium, q e (mg/g), at the specific time, q t (mg/g) were obtained according to (McKay et al. 1999) :
where c e is the concentration of Cr(VI) and As(V) ions in the aqueous phase at equilibrium (mg/L), c t is the concentration of Cr(VI) and As(V) ions in the aqueous phase at time t (mg/L), V is the volume of the solution (mL or L), m is the mass of the anion exchanger (g). Contact time sorption was carried out at the initial concentration 0.001 mol/L of each solution. The solutions of Cr(VI) and As(V) were agitated in the mechanical shaker in the time range 1-180 min. From the obtained results there were determined kinetic parameters based on the pseudo first-order and pseudo second-order models developed by Lagergren and Ho and McKay, connected with the reactions presented below. The pseudo first-order equation is expressed as (Blanchard et al. 1984) :
where q t is the mass of the adsorbed Cr(VI) and As(V) ions at time t (mg/g), q 1 the mass of the adsorbed Cr(VI) and As(V) ions at equilibrium for the first-order reactions (mg/g) and k 1 is the rate constants of the first-order (1/min) reactions. The pseudo second-order equation is expressed as (Ho 2006) :
where q 2 is the mass of the adsorbed Cr(VI) and As(V) ions at equilibrium for the second-order reactions (mg/g) and k 2 is the rate constants of the second-order (g/mg min) reactions. The effect of pH on the Cr(VI) ion sorption was evaluated by adjusting the initial pH of the initial solution within the range 2-7. In the case of pH effect on As(V) ion sorption, the initial pH of the initial solution was adjusted in the range 4-10. The pH of each solution was fitted to the desired value by means of 0.01 mol/L NaOH and H 2 SO 4 . In addition, the effects of concentration, temperature and interfering ions were also investigated to determine the optimum conditions for these parameters. All experiments were repeated three times to observe the reproducibility of the measurements (5 %).
To describe variations of sorption with relation to the concentration of sorbate in the solution at constant temperature, adsorption isotherms were studied. Initial concentrations of the studied solutions were prepared in the range 0.00025-0.001 mol/L. The adsorption equilibrium data were fitted into the Langmuir and Freundlich models, which are presented as (Langmuir 1916; Rivero et al. 2004) :
where q e is the equilibrium Cr(VI) and As(V) ions concentration on the ion exchanger (mg/g), q 0 is the monolayer capacity of the ion exchanger (mg/g), K L is the Langmuir adsorption constant (L/mg) related to the free energy of adsorption (L/mg), K F is the Freundlich adsorption capacity (mg/g [L/mg] 1/n ) and 1/n is the Freundlich constant related to the surface heterogeneity.
The FT-IR (Fourier transform infrared spectroscopy) spectrum of the anion exchangers Amberlite IRA 458 and Amberlite IRA 402 before and after the sorption of Cr(VI) and As(V) ions was recorded over the interval 400-4,000 cm -1 by means of a Perkin-Elmer 1725 X. The samples were tabulated with KBr. Surface morphology of the anion exchangers was studied by means of the atomic force microscope NanoScope V (Veeco).
Results and discussion
Effect of pH
The sorption process of Cr(VI) ions is dependent on pH of the equilibrium solution. The hexavalent chromium exists primarily as chromic acid (H 2 CrO 4 ) and its salts, hydrogen chromate (HCrO 4 -) and chromate (CrO 4 2-) ions depending on the sample pH (Kota and Stasicka 2000) . The dichromate ion (Cr 2 O 7 2-) is formed when the concentration of chromium exceeds approximately 1 g/L. In the solution in the whole range of concentrations and when pH [ 6.5, only CrO 4 2-ions exist. In the pH range from 0 to 6.5, HCrO 4 -and Cr 2 O 7 2-ions are predominant (Fig. 1a) . A sorption process between a strong base anion exchange resin with quaternary ammonium -N ? (CH 3 ) 3 and chromates from the aqueous solution can be described according to the following reactions (Shi et al. 2009 ): forms are dominant. Above pH = 10 As(V) occurs in the AsO 3 -form (Fig. 1b) . Figure 2 shows the effect of initial pH (2-7) on the removal of chromium (VI) on Amberlite IRA 458, Amberlite IRA 958, Amberlite IRA 402 and Amberlite IRA 900. As follows from the data the capacity of the anion exchangers in question does not change significantly in the pH range 3-6. The maximum sorption capacities are equal 7.7947 mg/g for Amberlite IRA 458, 7.7921 mg/g for Amberlite IRA 958, 7.7960 mg/g for Amberlite IRA 402 and 7.7972 mg/g for Amberlite IRA 900.
Generally for the sorption of As(V) ions it can be seen that increase in the pH values from 4 to 10 results in the increase in metal sorption on the above mentioned anion exchangers. The maximum uptake of As(V) occurred at pH 10. The maximum value 10.9478 mg/g was found for Amberlite IRA 900.
Effect of contact time and kinetic studies
The amount of adsorbed metal ions (q t ) from the solutions of the concentration from 0.00025 to 0.001 mol/L depends on time. The results in Fig. 3a-d indicate that for Cr(VI) and As(V) the sorption capacity of Amberlite IRA 458 and Amberlite IRA 402 increases with an increase in the phase contact time before equilibrium is reached. The equilibrium state is established already after 15 min of phase contact time. Metal ions removal by sorption on the above mentioned anion exchangers was also concentration dependent. For the initial concentration 0.001 mol/L the amount of the sorbed metal ions follows the order: As(V) [ Cr(VI) and they are equal to 7.3774, 7.4665, 5.1969 and 5.2000 mg/g for Amberlite IRA 458 and Amberlite IRA 402, respectively.
The determined kinetic parameters imply that the sorption process proceeds according to the equation type of the pseudo second-order. Moreover, the experimental data are well correlated by the pseudo second-order equation. The pseudo second-order rate constant (k 2 ) decreases from 2.179 to 0.444 g/mg min for Cr(VI), 1.016 to 0.100 g/mg min for As(V) in the case of sorption on Amberlite IRA 458, 1.416 to 0.385 g/mg min for Cr(VI), 0.704 to 0.147 g/mg min for As(V) in the case of sorption on Amberlite IRA 402 with the increasing metal concentration (Table 2 ). The equilibrium sorption capacity (q 2 ) and the initial sorption rate (h) increase with the increasing concentration. This is obvious that for higher initial concentration more efficient usage of the sorption capacity of the anion exchangers is expected due to larger driving forces connected with a greater gradient of concentration.
The sorption isotherm studies
The influence of metal ion concentration on effectiveness of sorption process is indicative for the sorption capacity of the microporous anion exchangers Amberlite IRA 458 and Amberlite IRA 402 as well as macroporous Amberlite IRA 958 and Amberlite IRA 900. As follows the increase in the initial metal ion concentration results in the increasing metal sorption (Fig. 4a-b) . It was found that the sorption of Cr(VI) and As(V) on the above mentioned anion exchangers is well described by the Langmuir isotherm model. The correlation coefficients of the linear plot of c e /q e vs. c e obtained from them were high, ranging from 0.897 to 0.999. The calculated equilibrium capacities q 0 according to the Langmuir isotherm model are in good agreement with the values of experimental capacities q e,exp . These values for the sorption of Cr(VI) and As(V) on Amberlite IRA 458, Amberlite IRA 958, Amberlite IRA 402 and Amberlite IRA 900 are presented in Table 3 .
The adsorption coefficients (K L ) are related to the free energy of sorption and indicate the affinity of the anion exchangers for the studied metal ions. These values were greater for Cr(VI) than for As(V) for all tested anion exchangers.
The degree of suitability of anion exchangers for the sorption of Cr(VI) and As(V) ions under investigations was also estimated from the values of the separation factor 
The value of
The R L values for the studied metal ions on Amberlite IRA 402, Amberlite IRA 900, Amberlite IRA 458 and Amberlite IRA 958 are presented in Table 3 .
As it can be seen in Table 3 the Freundlich constant K F values for Cr(VI) are higher than for As(V). The parameter K F related to the sorption density is higher in the case of sorption on the acrylic anion exchangers. The Freundlich constant n between 1 and 10 exhibits a favorable adsorption tendency. Larger value of n (smaller value of 1/n) implies stronger interaction between the sorbent and the heavy metal ions while 1/n equal to 1 indicates the linear adsorption leading to identical adsorption energies for all sites (Febrianto et al. 2009 ). The R 2 values in the case of Freundlich isotherm ranged from 0.8681 to 0.9950.
Effect of interfering ions
The effect of other anions present in the solution on sorption of Cr(VI) and As(V) ions on Amberlite IRA 402, Amberlite IRA 900, Amberlite IRA 458 and Amberlite IRA 958 was also studied. 0.1 mol/L solutions of NaCl, Na 2 SO 4 and NaNO 3 were used. As follows from Fig. 5 the addition of salt particularly NaCl decreases effectiveness of Cr(VI) ions sorption by 1 % on the polyacrylate anion exchangers Amberlite IRA 458 and Amberlite IRA 958. In the case of As(V) ions sorption, the presence of NaCl, Na 2 SO 4 and NaNO 3 decreases the sorption capacity of the macroporous polystyrene anion exchanger Amberlite IRA 900 by about 12 %. 
Effect of temperature
The thermodynamics for the sorption of Cr(VI) and As(V) on the strongly basic anion exchangers Amberlite IRA 402, Amberlite IRA 900, Amberlite IRA 458 and Amberlite IRA 958 was investigated in the range 293-323 K, at initial concentration 0.002 mol/L. Thermodynamic parameters such as change in the Gibbs free energy (DG), enthalpy (DH) and entropy (DS) were determined using the following equations (Guo et al. 2009 ): 
where K D is the distribution coefficient (L/g), C e is the concentration Cr(VI) and As(V) at the equilibrium (mmol/ L), Q e is the sorption capacity (mmol/g), T is the temperature (K) and R is the gas constant. DH and DS were obtained from the slope and intercept of the plots of logK D vs. 1/T (Fig. 6) . Table 4 shows the calculated values of the thermodynamic parameters. In the case of Cr(VI) ions sorption on the above mentioned ion exchangers, the negative values of DH indicate that the sorption had exothermic nature. On the other hand, sorption of As(V) ions can be characterized by more negative values of DG with the increasing temperature (the sorption process is more favorable at high temperature). The positive values of DS indicate that there is an increase in the randomness in the solid/solution interface during the sorption process. The DH values are in the range 12.212-31.974 kJ/mol which indicates the endothermic nature of the sorption process.
FT-IR and AFM analysis
As can be seen in Fig. 7 a broad, intensive peak at 3,360 cm -1 is characteristic of hydroxyl and amine groups. The bands at 3,020 and 2,928 cm -1 are described to the asymmetric and the corresponding symmetric stretch vibrations of the -CH 2 groups. The bond related to the presence of water in the ion exchanger phase was found at 1,620 cm there occur deformation vibrations of 1.4 substituted benzene ring (ST with DVB). Figure 8 presents the surfaces morphology of Amberlite IRA 402 and Amberlite IRA 958 before and after the sorption process. Pictures were reordered by means of atomic force microscopy (AFM). It is noticed that after the sorption process their surface was dense in comparison with the ones not being in contact with Cr(VI) and As(V) ions. Open Access This article is distributed under the terms of the Creative Commons Attribution License which permits any use, distribution, and reproduction in any medium, provided the original author(s) and the source are credited.
